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Abstract
New-onset left bundle branch block (LBBB) is a frequent complication after transcatheter aortic valve replacement (TAVR) 
and provides an opportunity to study dyssynchrony immediately following acute LBBB. This study aims to (1) assess echocar-
diographic dyssynchrony in acute TAVR-induced LBBB (TAVR-LBBB), and (2) compare dyssynchrony parameters among 
different patient groups with LBBB. The study enrolled all TAVR-LBBB patients at Ghent University Hospital between 2013 
and 2019. First, acute TAVR-LBBB dyssynchrony was assessed by: (1) septal flash (SF); (2) interventricular mechanical 
delay (IVMD; cut-off ≥ 40 ms) and (3) presence of ‘classical dyssynchronous strain pattern’ assessed with speckle tracking. 
Secondly, acute TAVR-LBBB patients with SF  (LBBBTAVR+SF) were compared to randomly selected LBBB-SF patients with 
preserved  (LBBBSF+PEF) ànd reduced ejection fraction  (LBBBSF+REF). In TAVR-LBBB patients (n = 25), SF was detected in 
72% of patients, whereas only 5% of TAVR-LBBB patients showed a classical dyssynchronous strain pattern. IVMD in these 
TAVR-LBBB patients was 39 ms. In 90% of  LBBBTAVR+SF patients, SF was observed within 24 h after LBBB onset. Among 
LBBB-SF patients, a classical strain pattern was more prevalent in  LBBBSF+REF patients compared to  LBBBTAVR+SF patients 
(80% vs. 7%; p < 0.001). IVMD was significantly longer in  LBBBSF+PEF patients (52 ms; p = 0.002) and  LBBBSF+REF patients 
(57 ms; p = 0.009) compared to  LBBBTAVR+SF patients (37 ms). SF is an early and prevalent marker of LV dyssynchrony in 
acute TAVR-LBBB, whereas strain-based measures and IVMD do not appear to capture dyssynchrony at this early stage. 
Our findings from the comparative analysis generate the hypothesis that progressive LBBB-induced LV remodeling may be 
required for a ‘classical dyssynchrony strain pattern’ or significant IVMD to occur in TAVR-LBBB patients.
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Introduction
Left bundle branch block (LBBB) induces asynchro-
nous electrical activation of the left ventricle. Subsequent 
regional differences in workload cause left ventricular (LV) 
dysfunction and LV remodeling which may result in heart 
failure, called ‘dyssynchronopathy’ [1]. In animal studies, 
the occurrence of acute electromechanical dyssynchrony 
following experimental LBBB has been described [2, 3]. 
In humans however, there are no data on the incidence and 
natural history of native LBBB-induced dyssynchrony and 
LV dysfunction following new-onset LBBB [1, 4], although 
right ventricular (RV) pacing as a ‘new-onset LBBB sur-
rogate’ has been shown to affect LV function in a similar 
way [5, 6].
As new-onset LBBB is a frequent complication after tran-
scatheter aortic valve replacement (TAVR), these patients 
provide an opportunity to study dyssynchrony immediately 
following acute LBBB, and may provide insights into the 
pathophysiology of adverse functional and structural LV 
remodeling in LBBB. This may be relevant as indications for 
TAVR are expanding towards a younger and lower risk pop-
ulation and therefore, TAVR-induced LBBB (TAVR-LBBB) 
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might significantly affect the natural history of this younger 
population [7, 8].
LBBB dyssynchrony can be assessed by several echo-
cardiographic parameters. In previous studies, longitudinal 
speckle tracking-based strain was used as a single dyssyn-
chrony parameter following TAVR-LBBB, but failed to show 
a “classical dyssynchrony pattern” such as occurs in LBBB-
heart failure patients [9, 10]. ‘Septal flash’ (SF) is a specific 
echocardiographic marker for typical LBBB dyssynchrony 
and is characterized by a short-lived leftward septal motion 
at pré-ejection. This parameter has a strong pathophysiologi-
cal rationale and was shown to be a robust and predominant 
predictor of response to cardiac resynchronization therapy 
(CRT) [1].
In acute TAVR-induced LBBB, SF has not been inves-
tigated thus far, which is the scope of the present study. 
Furthermore, using a multiparametric approach, we also 
compare acute TAVR-LBBB dyssynchrony with other 
clinically relevant populations with ‘longstanding’ LBBB 
dyssynchrony.
Material and methods
Study population
The study enrolled all TAVR-induced LBBB patients at 
the Ghent University Hospital between January 2013 and 
May 2019. All patients with primary TAVR procedure and 
without pre-existing LBBB or other conduction disturbances 
were screened. Exclusion criteria were pre-procedural ven-
tricular pacing and periprocedural permanent pacemaker 
implant. The study was approved by the Ethics Committee 
of the Ghent University Hospital.
Electrocardiographic analysis and LBBB definition
ECGs were recorded at a paper speed of 25 mm/s and a 
calibration of 10 mm/mV with MAC 5500 ECG recording 
devices (GE healthcare). ECG characteristics were digitally 
analyzed by the 12SL algorithm (GE Healthcare), includ-
ing QRSD, QRS axis, and PR, QT and QTc duration. All 
patients had a pre-procedural ECG and ECG monitoring 
until discharge.
Presence of acute LBBB was scored within 24 h follow-
ing TAVR. For inclusion, LBBB was defined according to 
non-strict criteria (QRS duration (QRSD) ≥ 120 ms, QS or 
rS in lead V1 and monophasic R waves with absence of q 
waves in leads V5 and V6) [11]. The ECGs were indepen-
dently reviewed by 2 of the authors, blinded to the echo-
cardiographic data. In addition, all non-strict LBBB ECGs 
were also classified according to three currently used ‘strict’ 
LBBB definitions: (1) European Society of Cardiology 
(ESC) criteria ((i) QRSD ≥ 120 ms, (ii) QS or rS in lead V1, 
(iii) QRS notching or slurring in leads I, aVL, V5 or V6, 
(iv) absence of q waves in leads V5 and V6) [12]; (2) Ameri-
can Heart Association (AHA) criteria ((i) QRSD ≥ 120 ms, 
(ii) QRS notching or slurring in leads I, aVL, V5 and V6, 
(iii) absence of q waves in leads I, V5 and V6) [13] and (3) 
Strauss criteria ((i) QRSD ≥ 140 ms in men and ≥ 130 ms in 
women, (ii) QS or rS in leads V1 and V2, (iii) QRS notching 
or slurring in two or more contiguous leads of V1, V2, V5, 
V6, I and aVL) [14]. Persistence of LBBB was confirmed at 
1-month follow-up.
Clinical and echocardiographic analysis
Patients underwent echocardiographic examination before 
TAVR and within 24 h after onset of TAVR-induced LBBB 
with commercially available systems (GE Healthcare Ultra-
sound Vivid 6S, 7, E9 and E95) in conventional paraster-
nal and apical views. Standard two-dimensional multi-beat 
cine loops were recorded in all patients, and analysis was 
performed off-line using EchoPAC (GE Healthcare). The 
LV EF was assessed as normal (≥ 55%), mildly reduced 
(45–54%), moderately reduced (30–44%), and severely 
reduced (< 30%). In case of atrial fibrillation, both long- and 
short-coupled beats were assessed to avoid potential impact 
of preloading variability.
Coronary artery disease (CAD) was defined as a steno-
sis > 70% in 1 or more major epicardial vessels or > 50% 
in the left main coronary artery. Acute coronary syndrome 
was defined as myocardial infarction or unstable angina, 
confirmed by cardiac biomarkers and coronary angiography.
Assessment of LBBB dyssynchrony
First, LBBB dyssynchrony was assessed by the presence 
of SF. SF refers to the pré-ejection leftward motion of the 
septum, and is followed by a septal rebound stretch, due to 
late contraction of the left lateral ventricular wall [1, 15]. 
An echocardiographic expert (F.T.) and echocardiography 
technician (K.D.), blinded to the ECGs, reviewed all echo-
cardiographic studies offline and assessed the presence of 
SF visually on parasternal short axis, parasternal long axis 
and apical views. Based on the septal excursion amplitude, 
the extent of SF was visually scored as mild, moderate or 
prominent.
A second dyssynchrony marker, the interventricular 
mechanical delay (IVMD), was measured as the difference 
between left (LPEI) and right ventricular pre-ejection inter-
vals on pulsed waved Doppler. A cut-off of  ≥ 40 ms was 
used to define dyssynchrony [16].
Third, 2D regional longitudinal speckle tracking-
based strain patterns (apical four- and five-chamber view) 
were analyzed to determine the presence of a classical 
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dyssynchronous LBBB pattern. Segments with invalid or 
non-reproducible tracking were not included for analysis. 
According to Risum et al. a classical pattern requires: (i) 
early shortening of a basal or mid-ventricular septal segment 
combined with early stretching of a basal or mid-ventricular 
segment of the opposing lateral wall, (ii) early peak short-
ening (within 70% of the ejection phase) of the respective 
septal segment (in case of 2 nadirs, the first nadir should be 
considered), ànd (iii) peak lateral wall shortening after aortic 
valve closure [17]. A non-classical pattern was present if (i) 
septal shortening occurred late in the ejection phase, and 
(ii) early lateral wall stretching was followed by late peak 
lateral wall shortening after aortic valve closure (i.e. fulfill-
ing only first and third classical criterion) [10]. Classical and 
non-classical pattern are illustrated in Fig. 1. Furthermore, 
we calculated the difference in time to peak strain between 
mid-septum and basal lateral wall (lateral to septal wall peak 
strain delay, LSPD). Based on current literature, we used an 
interval of ≥ 130 ms as cut-off [18].
Control groups
To assess the agreement between the different dyssynchrony 
markers described above, we compared 3 groups of LBBB 
patients with SF as a primary dyssynchrony marker in a 
1:1:1 ratio: (1) acute TAVR-induced LBBB patients with SF 
 (LBBBTAVR+SF); (2) LBBB patients with SF and preserved 
EF (EF > 50%)  (LBBBSF+PEF); and (3) LBBB patients with 
SF and reduced EF (EF < 50%)  (LBBBSF+REF). For this anal-
ysis, 30 non-matched  LBBBSF+PEF and  LBBBSF+REF patients 
without CAD were prospectively and consecutively included 
at the outpatient Ghent University Hospital Heart Center and 
echocardiography laboratory starting from October 2018.
The dyssynchrony markers were also assessed in 15 
TAVR patients without new-onset conduction disturbances 
(NON-LBBBTAVR), consecutively implanted at the Ghent 
University Hospital in 2018–2019.
Statistical analysis
Categorical variables are expressed as absolute number 
(percentage). Continuous variables are expressed as mean 
(± standard deviation) in case of Gaussian distribution or 
median [1st and 3rd quartile] if data are non-Gaussian dis-
tributed. Normality was tested using the Shapiro–Wilk test. 
To compare means of two variables, Student’s t test and 
Mann–Whitney U test were used. Comparison of categori-
cal variables among groups was performed by Fisher Exact 
Test. A Kruskal–Wallis test was performed for comparison 
among multiple groups. Post-hoc effect size was calculated 
using Cohen’s f. Using absolute agreement and Kappa sta-
tistics, inter- and intra-observer variability for SF was tested 
in the TAVR population. Statistical significance was set at 
a 2-tailed probability level of < 0.05. All statistical analyses 
were performed using SPSS software (Version 25.0, IBM, 
Armonk, NY, US).
Results
Patient characteristics of new‑onset TAVR‑induced 
LBBB
New-onset LBBB after TAVR procedure occurred in 25 out 
of 134 patients (19%) (median age 84 years, 44% male). 
Characteristics of the TAVR-induced LBBB patients are 
shown in Table 1. All patients developed LBBB immediately 
during implant or within 24 h post-procedure. Fifty percent 
of these LBBB patients received a permanent pacemaker 
within a median time of 3 [2;7] days after TAVR.
All patients had severe aortic valve stenosis (AS) with 
average LV end-diastolic diameter of 48 ± 5.7  mm and 
mildly increased LV mass of 111 ± 29.0 g/m2. LV systolic 
function was preserved in 17 (68%) and mildly reduced 
in 8 (32%) patients. Ischemic heart disease was present in 
10 (40%) and atrial fibrillation in 15 (60%) patients. Strict 
LBBB was observed in 100% (ESC criteria), 92% (Strauss 
criteria) and 52% (AHA criteria) of patients.
Prevalence of SF in TAVR‑induced LBBB
Out of 25 patients with TAVR-induced LBBB, SF was 
detected in 18 (72%) patients. In 90% of  LBBBTAVR+SF 
patients, SF was observed within 24 h after onset of LBBB. 
SF was graded as mild, moderate or prominent in 11 (61%), 
5 (28%) and 2 (11%) cases, respectively. Interobserver 
agreement for visual assessment of SF was 80% (kappa 
0.48 ± 0.198) and the intraobserver agreement was 84% 
(kappa 0.66 ± 0.155).
Characteristics of  LBBBTAVR+SF patients are summarized 
in Table 2. No differences in clinical, electrocardiographic 
or echocardiographic characteristics were observed between 
TAVR-induced LBBB patients with (n = 18) and without SF 
(n = 7), except for a trend towards a more mildly reduced LV 
systolic function in the SF group (p = 0.057).
Strain‑, LSPD‑ and IVMD‑based dyssynchrony 
in TAVR‑induced LBBB
Strain analysis could be performed in 20 patients. A clas-
sical dyssynchronous strain pattern could only be observed 
in 1 patient (along with SF). The majority of patients with 
TAVR-induced LBBB had a non-classical strain pattern 
(n = 14; 70%). In 5 patients, neither classical nor a non-
classical strain pattern could be observed. Except for one 
patient, all patients with a non-classical strain pattern had 
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SF. In TAVR-induced LBBB patients with a non-classical 
strain pattern, a prominent SF was only observed in 1 (8%) 
patient.
Median LSPD and IVMD in TAVR-induced LBBB were 
106 ms and 39 ms, respectively. Only 4 (20%) patients 
met the LSPD ‘dyssynchrony’ cut-off, and only 10 (50%) 
patients met the IVMD cut-off.
Fig. 1  Figure A shows a 
regional longitudinal strain 
curve from a 77 years old 
female TAVR patient with de 
novo LBBB and septal flash 
who developed a classical dys-
synchronous pattern. Figure B 
shows a regional longitudinal 
strain curve from a 92 years 
old female TAVR patient 
with de novo LBBB who only 
developed a non-classical dys-
synchronous pattern, despite 
presence of septal flash. The 
mid-septum is represented 
by a blue curve and the basal 
lateral wall by a red curve. A 
classical pattern requires: (1) 
early shortening of a basal or 
mid-ventricular septal segment 
combined with early stretching 
of a basal or mid-ventricular 
segment of the opposing lateral 
wall, (2) early peak shorten-
ing (within 70% of the ejection 
phase) of the respective septal 
segment (in case of 2 nadirs, the 
first nadir should be consid-
ered), and (3) peak lateral wall 
shortening after aortic valve 
closure (AVC)
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Agreement of dyssynchrony markers 
among different populations
Dyssynchrony in  LBBBTAVR+SF versus NON‑LBBBTAVR
The clinical, electrocardiographic and echocardiographic 
characteristics of both TAVR groups are shown in Table 2, 
Supplementary Table 1 and Fig. 2. In NON-LBBBTAVR 
patients, QRSD was significantly smaller compared to 
 LBBBTAVR+SF patients (109 vs. 150 ms, p < 0.001). No SF 
was observed in the NON-LBBBTAVR group. Also, none of 
the NON-LBBBTAVR patients had a classical dyssynchro-
nous strain pattern. However, a non-classical strain pattern 
was observed in 20% of NON-LBBBTAVR patients com-
pared to 87% in  LBBBTAVR+SF patients (p < 0.001). LSPD 
did not significantly differ between NON-LBBBTAVR and 
 LBBBTAVR+SF patients (107 ms vs. 115 ms, p = 1.000). 
IVMD was significantly shorter in the NON-LBBBTAVR 
group (− 16 ms vs. 37 ms, p < 0.001).
Dyssynchrony in  LBBBTAVR+SF versus  LBBBSF
The clinical, electrocardiographic and echocardiographic 
characteristics of both TAVR and non-TAVR groups are 
shown in Table 2, Supplementary Table 1 and Fig. 2. Except 
for a markedly longer PR interval in the  LBBBTAVR+SF group 
and a more rightward oriented QRS axis in the  LBBBSF+PEF 
group, no electrocardiographic differences were observed 
between the groups.
In  LBBBSF+PEF patients, a classical strain pattern was 
more frequently observed (33% vs. 7%), and a non-clas-
sical pattern less frequently (53% vs. 87%), compared to 
 LBBBTAVR+SF patients, respectively. Also,  LBBBSF+PEF 
patients had a longer IVMD and LSPD compared to 
 LBBBTAVR+SF patients.
In  LBBBSF+REF patients, a classical strain pattern 
was observed in almost the entire cohort (80 vs. 7%, 
p < 0.001). IVMD and LSPD were markedly longer in 
 LBBBSF+REF patients compared to  LBBBTAVR+SF patients 
ànd  LBBBSF+PEF patients.
A prominent SF was more frequently observed in  LBBBSF 
patients compared to  LBBBTAVR+SF patients, increasing 
from 11 to 33% in the  LBBBSF+PEF group and to 53% in the 
 LBBBSF+REF group.
Post-hoc effect size analysis comparing  LBBBTAVR+SF, 
NON-LBBBTAVR,  LBBBSF+PEF and  LBBBSF+REF, 
Table 1  Patient characteristics of  new-onset  TAVR-induced LBBB 
(n = 25)
Clinical characteristics
 Age (years) 84 [80;88]
 Male sex n (%) 11 (44)
 Length (cm) 165 (± 8.6)
 Weight (kg) 72 (± 15.3)
 BMI (kg/m2) 26 (± 4.7)
 BSA  (m2) 1.78 (± 0.208)
 Systolic BP (mmHg) 141 (± 21.2)
 Diastolic BP (mmHg) 62 (± 15.8)
Underlying heart disease
 Atrial fibrillation n (%) 15 (60)
 History of CAD n (%) 10 (40)
  Previous ACS n (%) 4 (16)
  Previous CABG n (%) 5 (20)
TAVR valve type
 SAPIEN n (%) 1 (4)
 SAPIEN XT n (%) 4 (16)
 S3 n (%) 5 (20)
 Evolut R n (%) 8 (32)
 Evolut PRO n (%) 7 (28)
ECG measurements post-TAVR
 QRS duration (ms) 149 (± 14.2)
 PR interval (ms) 203 (± 44.4)
 QRS axis (°) − 16 (± 26.8)
 QTc interval (ms) 492 (± 28.8)
LBBB definition
 MADIT n (%) 25 (100)
 REVERSE n (%) 25 (100)
 ESC n (%) 25 (100)
 AHA n (%) 13 (52)
 Strauss n (%) 23 (92)
Echo measurements
 Left atrial volume (mL) 92 (± 35.2)
 Septal thickness (mm) 11 (± 2.3)
 Posterior wall thickness (mm) 11 (± 1.8)
 End-diastolic diameter (mm) 48 (± 5.7)
 LV relative wall thickness 0.47 (± 0.108)
 LV mass (g) 198 (± 60.1)
 LV mass/BSA (g/m2) 111 (± 29.0)
 LV systolic function n (%)
  Normal (≥ 55%) 17 (68)
  Mildly reduced (45–54%) 8 (32)
 Peak tricuspid regurgitation velocity (m/s) 2.86 (± 0.305)
Dyssynchrony indices
 Septal flash 18/25 (72%)
 Strain pattern analysis
  Criterion 1 15/20 (75%)
  Criterion 2 1/20 (5%)
  Criterion 3 20/20 (100%)
  Classical dyssynchrony (1 + 2 + 3) 1/20 (5%)
  Non-classical dyssynchrony (1 + 3) 14/20 (70%)
 Left ventricular pre-ejection interval (ms) 129 [106;140]
 Interventricular mechanical delay (ms) 39 [26;45]
 Lateral to septal peak strain delay (ms) 106 [51;127]
Table 1  (continued)
TAVR transcatheter aortic valve replacement, LBBB left bundle 
branch block, BMI body mass index, BSA body surface area, BP 
blood pressure, CAD coronary artery disease, ACS acute coronary 
syndrome, CABG coronary artery bypass grafting, LV left ventricle
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Table 2  Patient characteristics and dyssynchrony indices of TAVR-induced LBBB patients with septal flash and control groups
Statistically significant p values (p < 0.05) are marked with bold font
LBBBTAVR+SF patients with TAVR-induced LBBB and SF, NON-LBBBTAVR TAVR patients without newly acquired conduction disturbances, 
LBBBSF+PEF non-TAVR patients with SF and LV EF > 50%, LBBBSF+REF non-TAVR patients with SF and LV EF < 50%, TAVR transcatheter aor-
tic valve replacement, LBBB left bundle branch block, SF septal flash, BMI body mass index, BSA body surface area, BP blood pressure, LV left 
ventricle, EF ejection fraction, TRV tricuspid regurgitation velocity, LPEI left ventricular pre-ejection interval, IVMD interventricular mechani-
cal delay, LSPD lateral to septal peak strain delay
P values comparing NON-LBBBTAVR,  LBBBSF+PEF and  LBBBSF+REF to  LBBBTAVR+SF are marked with an asterisk (*)
a Kruskal–Wallis test showed significant difference in LPEI (p < 0.001), IVMD (p < 0.001) and LSPD (p < 0.001) between the 4 groups
TAVR Patients Non-TAVR Patients
LBBBTAVR+SF 
(n = 18)
NON-LBBBTAVR 
(n = 15)
P value* LBBBSF+PEF (n = 15) P value* LBBBSF+REF 
(n = 15)
P value*
Clinical characteristics
 Age (years) 85 [80;88] 84 [81;68] 69 [56;76] 62 [54;70]
 Male sex n (%) 8 (44%) 7 (46.7%) 5 (33%) 6 (40%)
 Length (cm) 164 (± 8.4) 163 (± 8.94) 165 (± 10.2) 164 (± 9.0)
 Weight (kg) 72 (± 13.7) 65 (± 12.5) 75 (± 13.1) 69 (± 12.0)
 BMI (kg/m2) 27 (± 4.6) 25 (± 4.9) 27 (± 4.5) 26 (± 3.9)
 BSA  (m2) 1.78 (± 0.187) 1.69 (± 0.167) 1.81 (± 0.190) 1.74 (± 0.179)
 Systolic BP 
(mmHg)
141 (± 22.6) 156 (± 21.5) 147 (± 24.1) 123 (± 16.1)
 Diastolic BP 
(mmHg)
61 (± 14.1) 67 (± 13.9) 72 (± 12.3) 64 (± 11.0)
ECG measurements
 QRS duration (ms) 150 (± 12.9) 109 (± 25.9) < 0.001 149 (± 25.1) 0.748 157 (± 13.6) 0.197
 PR interval (ms) 199 (± 39.0) 185 (± 23.8) 0.317 168 (± 27.9) 0.019 168 (± 23.3) 0.012
 QRS axis (°) − 22 (± 24.0) 1 (± 52.4) 0.147 10 (± 39.8) 0.008 − 5 (± 39.7) 0.115
 QTc interval (ms) 489 (± 30.6) 466 (± 38.4) 0.062 465 (± 37.9) 0.048 484 (± 23.6) 0.522
Echo measurements
 Septal thickness 
(mm)
11 (± 2.4) 11 (± 2.5) 10 (± 1.8) 10 (± 1.6)
 Posterior wall 
thickness (mm)
11 (± 1.7) 10 (± 2.4) 10 (± 1.5) 11 (± 1.8)
 End-diastolic diam-
eter (mm)
48 (± 5.6) 48 (± 8.0) 46 (± 5.3) 63 (± 7.6)
 LV relative wall 
thickness
0.46 (± 0.112) 0.46 (± 0.103) 0.42 (± 0.061) 0.34 (± 0.055)
 LV mass/BSA (g/
m2)
111 (± 29.4) 107 (± 36.7) 87 (24.4) 168 (± 50.2)
 LV EF n(%) 57 (± 9.7) 58 (± 10.1) 57 (± 5.3) 25 (± 5.4)
 Peak TRV (m/s) 2.85 (± 0.328) 2.96 (± 0.363) 2.62 (± 0.309) 2.63 (± 0.350)
Dyssynchrony indices
 Septal flash 18/18 0/15 (0%) 15/15 (100%) 15/15 (100%)
 Strain pattern analysis
  Criterion 1 14/15 (93%) 3/15 (20%) 13/15 (87%) 15/15 (100%)
  Criterion 2 1/15 (7%) 0/15 (0%) 5/15 (33%) 12/15 (80%)
  Criterion 3 15/15 (100%) 15/15 (100%) 15/15 (100%) 15/15 (100%)
  Classical dys-
synchrony 
(1 + 2 + 3)
1/15 (7%) 0/15 (0%) 1.00 5/15 (33%) 0.17 12/15 (80%) < 0.001
  Non-classical 
dyssynchrony 
(1 + 3)
13/15 (87%) 3/15 (20%) < 0.001 8/15 (53%) 0.11 3/15 (20%) < 0.001
 LPEI (ms)a 132 [113;140] 90 [79;103] < 0.001 143 [135;156] 0.011 179 [161;195] < 0.001
 IVMD (ms)a 37 [27;46] − 16 [− 37;9] < 0.001 52 [48;64] 0.002 57 [35;91] 0.009
 LSPD (ms)a 115 [67;144] 107 [82;150] 1.000 158 [101;369] 0.062 376 [311;448] < 0.001
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demonstrated an overall effect size (Cohen’s f) of 1.33 for 
IVMD and an overall effect size (Cohen’s f) of 1.09 for 
LSPD.
Discussion
Main findings
This is the first study reporting a multiparametric echo-
cardiographic approach to assess dyssynchrony in acute 
TAVR-induced LBBB. We included SF as a ‘reference’ 
dyssynchrony marker based on its strong pathophysiologi-
cal rationale as it reflects the typical electro-mechanical 
substrate in LBBB [1, 19]. We showed that SF is present in 
72% of TAVR-induced new-onset LBBB patients, whereas 
only 5% of these TAVR-LBBB patients had a classical dys-
synchronous strain pattern. When comparing  LBBBTAVR+SF 
patients to other  LBBBSF patient populations, a classical 
strain pattern was present in 33% of  LBBBSF+PEF patients 
and increased to 80% of  LBBBSF+REF patients.
Septal flash is an early marker of typical 
dyssynchrony in TAVR‑induced LBBB
Experimental studies and observations in humans have pro-
vided evidence that LBBB negatively and independently 
affects LV systolic function and induces LV remodeling 
[20]. However, natural history studies in humans starting 
from onset of LBBB and monitoring its adverse mechanical 
effects and LV remodeling in time are lacking. Consequently, 
the genotypic and environmental factors that contribute or 
predict LBBB-induced LV remodeling and LV dysfunction 
are largely unknown [3].
Given the known onset of LBBB, TAVR-induced LBBB 
patients may therefore contribute to the understanding of the 
electromechanical events and course in LBBB, and can help 
to address the question whether these patients evolve to a 
similar electromechanical or remodeled phenotype as occurs 
in CRT candidates with heart failure and LBBB. However, 
data on the prognostic relevance of LBBB in TAVR are 
clouded by differences in methods, the aged population, 
confounding factors and definitions among published studies 
[21, 22]. A recent study from Klaeboe et al. suggested that 
TAVR patients with new-onset LBBB lack a typical strain 
dyssynchrony pattern. Therefore, the presence and role of 
dyssynchrony on the adverse outcome of these patients has 
been questioned [10, 23].
We found that, similar to acute LBBB in experimental 
studies, most patients with TAVR-induced acute LBBB 
develop acute SF dyssynchrony within 24 h. This important 
finding supports the notion that a proximal (TAVR-induced) 
block in the conductive system generates a typical LBBB 
on the ECG (100% of ESC criteria are met) and that this 
proximal pathophysiology of LBBB is strongly related to the 
presence of SF, which is a robust marker of typical LBBB 
dyssynchrony [24]. Our data provide evidence that for SF to 
occur, LBBB-induced LV remodeling, i.e. a relatively thin 
hypokinetic septum and relatively thick and more contractile 
lateral wall with an overall reduced LV systolic function 
[25], is not a prerequisite. Yet, it should be noted that in most 
patients with acute TAVR-induced LBBB, SF was mild, in 
contrast to the more prominent SF observed in  LBBBSF+REF 
patients.
Reasons why visually assessed SF did not occur in some 
of the acute TAVR patients despite typical LBBB are specu-
lative [1], but may relate to suboptimal imaging quality, co-
existing right bundle branch block (masked by LBBB) that 
Fig. 2  In Fig.  2, the agreement between the different echocardio-
graphic dyssynchrony markers is shown in TAVR patients without 
newly acquired conduction disturbances (NON-LBBBTAVR), patients 
with TAVR-induced LBBB and SF  (LBBBTAVR+SF), non-TAVR 
patients with SF and LV EF > 50%  (LBBBSF+PEF) and non-TAVR 
patients with SF and LV EF < 50%  (LBBBSF+REF). SF: septal flash; 
IVMD: interventricular mechanical delay; LSPD: lateral to septal 
wall peak strain delay
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mitigates ‘en masse’ right-to-left septal depolarization, myo-
cardial scar etc. Also, the concentric remodeled LV in AS 
patients may blunt the passive transseptal component of SF, 
therefore masquerading or attenuating SF. Yet, the presence 
of SF is a signature that the LV myocardium is relatively 
intact to generate this typical electro-mechanical substrate 
in most TAVR-LBBB patients [3], despite concentric remod-
eling. In contrast, classical longitudinal strain-based dyssyn-
chrony may not be sensitive enough at this stage, whether 
or not related to the concentric remodeled LV. Also, as SF 
is a predominant latero-lateral event, the longitudinal strain-
based measures may not capture the short-lived and subtle 
transversal SF event at this early stage.
Classical, non‑classical strain‑based pattern 
and SF in LBBB: all part of the same dyssynchrony 
spectrum?
A classical dyssynchrony strain pattern did not occur in non-
SF LBBB patients. However, the fact that all patients with 
a classical dyssynchrony pattern had SF, but not vice versa, 
points to a potential sensitivity issue of strain-based meas-
ures for assessing SF dyssynchrony. In fact, arrow 2 in Fig. 1 
indicates SF in a classical strain-based dyssynchrony pattern 
[1]. Yet, even in patients with more pronounced (visually 
assessed) SF, as occurs in our  LBBBSF control group, we 
found that, despite increasing prominence of SF, classical 
strain dyssynchrony occurred in only 33 to 80% of patients, 
again arguing that this strain-based pattern may lack sensi-
tivity to detect the typical latero-lateral SF event.
It remains unclear whether the non-classical dyssyn-
chrony pattern makes part of the dyssynchrony contin-
uum including SF and classical dyssynchrony. In fact, we 
observed that a considerable number of non-LBBB control 
patients (27% in healthy controls and 7% in patients with 
severe AS before any aortic valve intervention) (data not 
shown) also displayed this non-classical pattern, despite 
absence of SF. Therefore, the role and significance of this 
‘non-classical’ pattern is questionable and further clarifica-
tion is needed.
Is dyssynchrony to be blamed for adverse events 
in TAVR‑induced LBBB: SF as a key marker?
Similar to the Doppler-based dyssynchrony measures (LPEI, 
IVMD), we rarely observed a classical strain dyssynchrony 
pattern in acute TAVR-LBBB patients, despite the presence 
of SF as reference dyssynchrony marker. This is in line with 
the findings of Klaeboe and Klein who could not detect the 
typical strain pattern in acute TAVR-LBBB, despite similar 
occurrence of typical LBBB (88–100%). However, SF was 
not assessed in these studies [9, 10].
In comparison to  LBBBTAVR+SF patients, the classical 
strain dyssynchrony pattern was more prevalent (although 
not statistically significant, probably owing to lack of power) 
in ‘chronic’  LBBBSF+PEF patients and even more prominent 
and prevalent in ‘chronic’  LBBBSF+REF patients. Along with 
the increasing prevalence of classical strain dyssynchrony 
in these cohorts, the prevalence of LPEI, IMVD and LSPD 
also significantly increased from  LBBBTAVR+SF compared 
to  LBBBSF+PEF and  LBBBSF+REF groups. However, because 
of the cross-sectional nature of our observation, it is only 
tempting to suggest that for a classical dyssynchrony pattern 
to occur, the left ventricle in the TAVR-LBBB patients may 
require progressive LBBB-induced remodeling in time [1]. 
This would be consistent with the progressively increasing 
extent of SF in these groups, being most prominent in the 
 LBBBSF+REF group. Interestingly, a recent study showed 
that in patients with RV apical pacing, the magnitude of SF 
is associated with LV dysfunction and adverse remodeling 
[26], which fits with the present cross-sectional comparative 
observation.
The fact that recent studies in TAVR-LBBB patients 
showed significant reductions in EF compared to TAVR-non-
LBBB patients at follow-up [8, 21, 27], supports the idea 
that LBBB-induced dyssynchronopathy (identified early by 
SF, but not by strain) may be the independent explanation for 
decreasing EF and worse outcome. This is also supported by 
a recent report in LBBB-CRT heart failure patients, where 
SF was shown to be a strong predictor of CRT outcome, 
even surpassing guideline-based CRT recommendations 
[28]. Finally, it has been reported that TAVR-non-LBBB 
patients significantly improve their EF after TAVR within 
1 year, whereas in TAVR-LBBB patients, recovery of EF 
following TAVR was strongly impaired and even decreased 
at 1 year. However, it remains unclear whether adjustments 
for RV pacing were made in this study [29].
Risk stratification in TAVR‑induced LBBB patients: SF 
or classical strain dyssynchrony?
Despite all speculations on the assessment of dyssynchrony 
in TAVR-LBBB patients, the major and unresolved ques-
tion remains whether the presence of SF or a classical strain 
dyssynchrony pattern (if it would occur later on) in TAVR-
LBBB patients relates to a ‘dismal prognosis’? Given the 
co-morbidity in AS patients and the fact that these patients 
often have underlying diastolic dysfunction and lower 
stroke volumes, they may not need ‘much dyssynchrony’ 
or adverse remodeling for heart failure to occur. Therefore, 
as a classical strain dyssynchrony pattern probably emerges 
at a later stage of TAVR-induced LBBB, awaiting for this 
dyssynchrony pattern may be too late for predicting heart 
failure events or intervening with CRT or His-bundle pacing. 
Thus, the clinical value of SF and strain-based dyssynchrony 
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patterns remain to be determined in large longitudinal fol-
low-up studies.
Are TAVR‑induced LBBB patients the optimal 
population to study the natural history 
of LBBB‑induced cardiac remodeling?
A potential drawback in TAVR-LBBB patients for studying 
LBBB-induced cardiac remodeling relates to the age and co-
morbidity in this particular population, such as hypertension, 
renal failure, multivalvular heart disease, etc. Apart from the 
relatively short life span in these mostly older patients, all 
these co-morbid factors may confound or alter the impact of 
LBBB-SF on the electro-mechanical appearance and remod-
eling of the LV. Moreover, AS patients have concentric 
remodeled ventricles that may influence the ‘true’ natural 
history of LBBB-SF on the LV. Studying acute ‘iatrogenic’ 
LBBB in a young population with unaffected myocardial 
substrate or ‘LBBB-like’ patients with conventional RV pac-
ing could overcome these issues. However, as indications 
for TAVR are expanding and showed promising in low-risk 
and younger individuals [30, 31], and given the enormous 
burden of AS worldwide, identifying and stratifying the 
TAVR-LBBB patients at risk remain a challenge. Further-
more, preventing the occurrence of LBBB in TAVR may be 
the most important focus after all.
Limitations
Our small single-center cohort is a limitation of the current 
study and therefore our results need to be confirmed in larger 
studies. TAVR-induced LBBB patients are compared to rel-
evant cohorts, but longitudinal follow-up of TAVR-LBBB 
and TAVR-non-LBBB patients would have been of added 
value to assess the effects of SF dyssynchrony at follow-up. 
However, the high comorbidity, high mortality and frequent 
need for pacemaker implant in these patients may require a 
substantial number of TAVR subjects to be followed, which 
was not the scope of the present study.
Conclusion
The present study is the first study that assesses acute LV 
dyssynchrony in TAVR-induced LBBB using a multipara-
metric and comparative approach with relevant control pop-
ulations. First, the most important finding is that the widely 
used strain-based measures and IVMD do not appear to cap-
ture LV dyssynchrony at the early stage of TAVR-induced 
LBBB. In contrast, SF appears to be a reliable marker of LV 
dyssynchrony at the early stage of TAVR-induced LBBB.
Secondly, our findings from the comparative analysis 
generate the hypothesis that progressive LBBB-induced LV 
remodeling (septal thinning and relative lateral thickening) 
may be required for a ‘classical dyssynchrony strain pat-
tern’ or significant IVMD to occur in TAVR-LBBB patients. 
However, large longitudinal follow-up studies in TAVR-
LBBB patients are required to address this important issue.
Funding None.
Compliance with ethical standards 
Conflict of interest The authors have no conflicts of interest to declare.
References
 1. Calle S, Delens C, Kamoen V, De Pooter J, Timmermans F (2019) 
Septal flash: At the heart of cardiac dyssynchrony. Trends Cardio-
vasc Med. https ://doi.org/10.1016/j.tcm.2019.03.008
 2. Duchateau N, Sitges M, Doltra A, Fernandez-Armenta J, Solanes 
N, Rigol M et al (2014) Myocardial motion and deformation pat-
terns in an experimental swine model of acute LBBB/CRT and 
chronic infarct. Int J Cardiovasc Imaging 30(5):875–887. https ://
doi.org/10.1007/s1055 4-014-0403-2
 3. Aalen JM, Remme EW, Larsen CK, Andersen OS, Krogh M, 
Duchenne J et al (2019) Mechanism of abnormal septal motion 
in left bundle branch block: role of left ventricular wall interac-
tions and myocardial scar. JACC Cardiovasc Imaging. https ://doi.
org/10.1016/j.jcmg.2018.11.030
 4. Barake W, Witt CM, Vaidya VR, Cha YM (2019) Incidence and 
natural history of left bundle branch block induced cardiomyo-
pathy. Circ Arrhythm Electrophysiol 12(9):e007393. https ://doi.
org/10.1161/CIRCE P.119.00739 3
 5. Delgado V, Tops LF, Trines SA, Zeppenfeld K, Marsan NA, Ber-
tini M et al (2009) Acute effects of right ventricular apical pac-
ing on left ventricular synchrony and mechanics. Circ Arrhythm 
Electrophysiol 2(2):135–145. https ://doi.org/10.1161/CIRCE 
P.108.81460 8
 6. Tops LF, Schalij MJ, Bax JJ (2009) The effects of right ventricular 
apical pacing on ventricular function and dyssynchrony implica-
tions for therapy. J Am Coll Cardiol 54(9):764–776. https ://doi.
org/10.1016/j.jacc.2009.06.006
 7. Houthuizen P, van der Boon RM, Urena M, Van Mieghem N, Bru-
eren GB, Poels TT et al (2014) Occurrence, fate and consequences 
of ventricular conduction abnormalities after transcatheter aortic 
valve implantation. EuroIntervention 9(10):1142–1150. https ://
doi.org/10.4244/EIJV9 I10A1 94
 8. Dobson LE, Musa TA, Uddin A, Fairbairn TA, Bebb OJ, Swoboda 
PP et al (2017) The impact of trans-catheter aortic valve replace-
ment induced left-bundle branch block on cardiac reverse remod-
eling. J Cardiovasc Magn Reson 19(1):22. https ://doi.org/10.1186/
s1296 8-017-0335-9
 9. Klein MR, Sundh F, Simlund J, Harrison JK, Jackson KP, Hughes 
GC et al (2015) Immediate mechanical effects of acute left bun-
dle branch block by speckle tracked strain. J Electrocardiol 
48(4):643–651. https ://doi.org/10.1016/j.jelec troca rd.2015.05.005
 10. Klaeboe LG, Brekke PH, Lie OH, Aaberge L, Haugaa KH, 
Edvardsen T (2019) Classical mechanical dyssynchrony is rare in 
transcatheter aortic valve implantation-induced left bundle branch 
 The International Journal of Cardiovascular Imaging
1 3
block. Eur Heart J Cardiovasc Imaging 20(3):271–278. https ://doi.
org/10.1093/ehjci /jey12 7
 11. Surkova E, Badano LP, Bellu R, Aruta P, Sambugaro F, Romeo 
G et al (2017) Left bundle branch block: from cardiac mechanics 
to clinical and diagnostic challenges. Europace 19(8):1251–1271. 
https ://doi.org/10.1093/europ ace/eux06 1
 12. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Bori-
ani G, Breithardt OA et al (2013) 2013 ESC guidelines on cardiac 
pacing and cardiac resynchronization therapy: the task force on 
cardiac pacing and resynchronization therapy of the European 
Society of Cardiology (ESC) Developed in collaboration with 
the European Heart Rhythm Association (EHRA). Europace 
15(8):1070–1118. https ://doi.org/10.1093/europ ace/eut20 6
 13. Surawicz B, Childers R, Deal BJ, Gettes LS, Bailey JJ, Gorgels 
A et al (2009) AHA/ACCF/HRS recommendations for the stand-
ardization and interpretation of the electrocardiogram: part III: 
intraventricular conduction disturbances: a scientific statement 
from the American Heart Association Electrocardiography and 
Arrhythmias Committee, Council on Clinical Cardiology; the 
American College of Cardiology Foundation; and the Heart 
Rhythm Society: endorsed by the International Society for Com-
puterized Electrocardiology. Circulation 119(10):e235–e240. 
https ://doi.org/10.1161/CIRCU LATIO NAHA.108.19109 5
 14. Strauss DG, Selvester RH, Wagner GS (2011) Defining left bun-
dle branch block in the era of cardiac resynchronization therapy. 
Am J Cardiol 107(6):927–934. https ://doi.org/10.1016/j.amjca 
rd.2010.11.010
 15. De Boeck BW, Teske AJ, Meine M, Leenders GE, Cramer MJ, 
Prinzen FW et al (2009) Septal rebound stretch reflects the func-
tional substrate to cardiac resynchronization therapy and pre-
dicts volumetric and neurohormonal response. Eur J Heart Fail 
11(9):863–871. https ://doi.org/10.1093/eurjh f/hfp10 7
 16. Cazeau S, Bordachar P, Jauvert G, Lazarus A, Alonso C, Van-
drell MC et al (2003) Echocardiographic modeling of cardiac dys-
synchrony before and during multisite stimulation: a prospective 
study. Pacing Clin Electrophysiol 26(2):137–143. https ://doi.org
/10.1046/j.1460-9592.2003.00003 .x
 17. Risum N, Strauss D, Sogaard P, Loring Z, Hansen TF, Bruun NE 
et al (2013) Left bundle-branch block: the relationship between 
electrocardiogram electrical activation and echocardiography 
mechanical contraction. Am Heart J 166(2):340–348. https ://doi.
org/10.1016/j.ahj.2013.04.005
 18. Suffoletto MS, Dohi K, Cannesson M, Saba S, Gorcsan J 3rd 
(2006) Novel speckle-tracking radial strain from routine black-
and-white echocardiographic images to quantify dyssynchrony 
and predict response to cardiac resynchronization therapy. Cir-
culation 113(7):960–968. https ://doi.org/10.1161/CIRCU LATIO 
NAHA.105.57145 5
 19. Doltra A, Bijnens B, Tolosana JM, Borras R, Khatib M, Penela D 
et al (2014) Mechanical abnormalities detected with conventional 
echocardiography are associated with response and midterm sur-
vival in CRT. JACC Cardiovasc Imaging 7(10):969–979. https ://
doi.org/10.1016/j.jcmg.2014.03.022
 20. Vaillant C, Martins RP, Donal E, Leclercq C, Thebault C, 
Behar N et al (2013) Resolution of left bundle branch block-
induced cardiomyopathy by cardiac resynchronization therapy. 
J Am Coll Cardiol 61(10):1089–1095. https ://doi.org/10.1016/j.
jacc.2012.10.053
 21. Jorgensen TH, De Backer O, Gerds TA, Bieliauskas G, Svendsen 
JH, Sondergaard L (2019) Mortality and heart failure hospitaliza-
tion in patients with conduction abnormalities after transcatheter 
aortic valve replacement. JACC Cardiovasc Interv 12(1):52–61. 
https ://doi.org/10.1016/j.jcin.2018.10.053
 22. Chamandi C, Barbanti M, Munoz-Garcia A, Latib A, Nombela-
Franco L, Gutierrez-Ibanez E et al (2019) Long-term outcomes 
in patients with new-onset persistent left bundle branch block fol-
lowing TAVR. JACC Cardiovasc Interv 12(12):1175–1184. https 
://doi.org/10.1016/j.jcin.2019.03.025
 23. Donal E, Galli E, Cosyns B (2019) Twenty years after starting 
cardiac resynchronization therapy, do we understand the electro-
mechanical coupling? Eur Heart J Cardiovasc Imaging 20(3):257–
259. https ://doi.org/10.1093/ehjci /jey15 2
 24. Corteville B, De Pooter J, De Backer T, El Haddad M, Stroobandt 
R, Timmermans F (2017) The electrocardiographic characteristics 
of septal flash in patients with left bundle branch block. Europace 
19(1):103–109. https ://doi.org/10.1093/europ ace/euv46 1
 25. Vernooy K, Verbeek XA, Peschar M, Crijns HJ, Arts T, Cornelus-
sen RN et al (2005) Left bundle branch block induces ventricular 
remodelling and functional septal hypoperfusion. Eur Heart J 
26(1):91–98. https ://doi.org/10.1093/eurhe artj/ehi00 8
 26. Sarvari SI, Sitges M, Sanz M, Tolosana Viu JM, Edvardsen T, 
Stokke TM et al (2017) Left ventricular dysfunction is related to 
the presence and extent of a septal flash in patients with right ven-
tricular pacing. Europace 19(2):289–296. https ://doi.org/10.1093/
europ ace/euw02 0
 27. Nazif TMCS, George I, Dizon JM, Hahn RT, Crowley A, Alu MC 
et al (2019) New-onset left bundle branch block after transcath-
eter aortic valve replacement is associated with adverse long-term 
clinical outcomes in intermediate-risk patients: an analysis from 
the PARTNER II trial. Eur Heart J 40:2218–2227. https ://doi.
org/10.1093/eurhe artj/ehz22 7
 28. Stankovic I, Prinz C, Ciarka A, Daraban AM, Kotrc M, Aarones M 
et al (2016) Relationship of visually assessed apical rocking and 
septal flash to response and long-term survival following cardiac 
resynchronization therapy (PREDICT-CRT). Eur Heart J Cardio-
vasc Imaging 17(3):262–269. https ://doi.org/10.1093/ehjci /jev28 
8
 29. Carrabba N, Valenti R, Migliorini A, Marrani M, Cantini G, 
Parodi G et al (2015) Impact on left ventricular function and 
remodeling and on 1-year outcome in patients with left bun-
dle branch block after transcatheter aortic valve implantation. 
Am J Cardiol 116(1):125–131. https ://doi.org/10.1016/j.amjca 
rd.2015.03.054
 30. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo 
M et al (2019) Transcatheter aortic-valve replacement with a 
balloon-expandable valve in low-risk patients. N Engl J Med 
380(18):1695–1705. https ://doi.org/10.1056/NEJMo a1814 052
 31. Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair 
D et al (2019) Transcatheter aortic-valve replacement with a self-
expanding valve in low-risk patients. N Engl J Med 380(18):1706–
1715. https ://doi.org/10.1056/NEJMo a1816 885
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
